Mg-20.5 at% Sc alloy with hcp (α)+bcc (β) two-phase was investigated to understand the effects of aging treatment at 473 K on microstructure, hardness and tensile properties. A Mg-Sc alloy ingot was prepared by induction melting in an Ar atmosphere, and then hot rolled at 873 K followed by cold rolling into a sheet. The rolled specimens were annealed at 873 K to obtain an α+β two-phase microstructure. The annealed specimens were then aged at 473 K for various time. Vickers hardness of the α+β two-phase alloy drastically increased after a certain incubation time and then reached a maximum hardness of 142.8 HV. The incubation time of the Mg-20.5 at% Sc alloy with the α+β two-phase was longer than that of the same alloy with a β single-phase. Ultimate tensile strength (UTS) and elongation of the as-annealed specimen were 280 MPa and 28.2%, respectively. Meanwhile, the specimen aged at 473 K for 14.4 ks showed a UTS of 357 MPa and an elongation of over 12%. The specimen aged for 18 ks showed a higher UTS of 465 MPa, while keeping a better elongation of 6.9%. The age hardening of the MgSc alloys was found to be due to the precipitation of very ne α phase in β phase.
Introduction
Being lightweight and having high speci c strength, magnesium alloys are used as structural materials in the automobile industry and the consumer electric industry. However, since they have low formability at room temperature due to their hcp crystal structure, their practical application is still limited. Because of its anisotropic structure of hcp, magnesium has fewer slip systems than materials with a cubic structure. Thus, in order to relax the anisotropic slip deformation, deformation twinning acts as an additional deformation mode. However, the {101 1} compression twin easily becomes a double twin. It has been reported that the double twin, i.e., the {101 1}-{101 2} type twin, triggers the formation of large surface steps and cracks because of localized deformation in the double twins 1) . It has been widely demonstrated that grain size re nement and texture randomization are effective ways to improve their ductilities [2] [3] [4] [5] . It has also been reported that magnesium alloys containing over 5.5 mass% Li have a bcc structure and show excellent ductility 6, 7) . However, Mg-Li alloys also have shortcomings such as low strength and poor corrosion resistance 8, 9) . Of all Mg-X binary phase diagrams, only Mg-Sc and MgLi alloys have a bcc structure in a Mg-rich composition. Very recently, we have found that Mg-Sc alloys show high strength and elongation when their microstructure is controlled using their bcc structure 10) . Furthermore, we have reported that Mg-16.8 at% Sc alloy with a bcc single-phase shows signi cant age hardening due to the formation of a very ne hcp phase and can achieve a high hardness of over 230 HV 11) . However, the age hardened alloy was brittle and fractured in the elastic deformation region during tensile testing. In the present study, the age hardening behavior and the aging effect on the tensile properties in Mg-Sc alloy with an hcp (α)+bcc (β) two-phase were investigated.
Experimental
A Mg-Sc alloy ingot was prepared by induction melting in an Ar atmosphere using an Al 2 O 3 crucible followed by cooling in the crucible. The nominal composition was Mg-20 at% Sc. The alloy ingot was hot rolled at 873 K until its thickness was reduced from 15 mm to 3 mm. The hot-rolled sheet was then cold-rolled until the thickness of the sheet was reduced to about 0.7 mm with annealing at 873 K. The cold-rolled Mg-Sc sheet was annealed at 873 K for 3.6 ks to obtain α+β two-phase alloy. The precise composition of the prepared Mg-Sc sheet was Mg-20.5 at% Sc, measured by means of an electron probe micro-analyzer (EPMA). The Sc content of α and β phase were determined to be 18.0 and 22.6 at%. The volume fraction of the α phase (f α ) was evaluated to be 37.1% by image analysis of backscattered electron micrographs using imageJ software. On the other hand, a sample with a β single-phase was also prepared by annealing at 963 K for 1.8 ks followed by water quenching. After that, the sheet specimen was cut into small pieces. The obtained samples were aged at 473 K in air and then water quenched. The aging temperature was the same as that of Mg-16.8 at% Sc which obtained a maximum average value of 220 HV 11) . The hardness of aged samples was measured by Vickers hardness tester with a load of 9.8 N, where the number of measuring points was 10 points each and the average hardness was determined by averaging 8 points except the maximum and minimum values. The error bar in each measurement was dened as a standard error of those 8 points.
The crystal structure of the aged samples was analyzed by X-ray diffraction (XRD) with the θ-2θ method with a Cu-Kα source. The microstructure was observed by scanning electron microscopy (SEM). Before SEM observation, the samples were mechanically polished to mirror nish and then chemically etched to visualize their α+β dual phase microstructure. The microstructure was also observed by transmission electron microscopy (TEM). For TEM sample preparation, the specimens were polished mechanically to under 100 μm in thickness and then thinned by dimple grinder and Ar-ion milling with a beam intensity of 6 keV.
Tensile specimens were prepared by a wire-cut electric discharge machining of the cold-rolled sheets. The specimens having a gauge length of 10 mm, a gauge width of 3.6 mm and a curvature section having a radius of 3 mm. Tensile testing was performed at room temperature at a constant crosshead speed corresponding to an initial strain rate of 10
. The tensile direction was parallel to the rolling direction. Figure 1 shows the age hardening behaviors of Mg-20.5 at% Sc alloy with an α+β two-phase (circles) and a β single-phase (squares). The initial hardness of the α+β twophase alloy and the β single-phase alloy was almost the same, i.e., 90.5 and 90.1 HV, respectively. In the case of the sample with the α+β two-phase, the hardness drastically increase after an incubation time of about 10.8 ks. The value starts to become saturated after 18 ks and shows a maximum value of 142.8 HV at 36 ks. Meanwhile, in the case of the β single-phase sample, the hardness shows a signi cant increase at over 1.8 ks and reaches a maximum value of 176.5 HV at 36 ks. The incubation time of the α+β two-phase alloy is found to be longer and maximum hardness is lower in the α+β two phase alloy than in the β single-phase alloy.
Results and Discussion

Aging effect on Vickers hardness and microstructure
Here, the age-hardening behavior at 473 K in the present Mg-20.5 at%Sc alloy with the β single-phase is compared to that in a reported Mg-16.8 at% Sc alloy with the β single-phase 11) . The Mg-16.8 at% alloy shows a much shorter incubation time of about 0.6 ks than the Mg-20.5 at%Sc and exhibits a maximum hardness of 220 HV for 18 ks. It was con rmed by composition analysis that the Sc content of the β phase in the α+β two-phase Mg-20.5 at%Sc annealed at 873 K was 22.6 at% which is higher than that in β-single phase Mg-16.8 at%Sc and Mg-20.5 at%Sc alloys. These results indicate that the incubation time for the age hardening becomes shorter with decreasing Sc content. Figure 2 shows the SEM images of Mg-20.5 at%Sc with α+β two-phase aged for (a) 0.6 ks, (b) 10.8 ks, (c) 18 ks and (d) 90 ks, where (b)-(d) are higher magni cation images to observe ne α precipitations in the phase. In (a), the darker contrast region indicates the α phase, while brighter contrast region indicates β phase. In the sample aged for 0.6 ks showing no hardening, no change occurs in the α+β two-phase microstructure ( Fig. 2(a) ), while some ne needle-or plateshaped products are observed in β phase of the sample aged for 10.8 ks at the start of hardening. Furthermore, those products entirely cover the β phase in the sample aged at 18 ks, in which the hardness increase starts to become saturated. The sample aged at 90 ks, which exhibits a saturated hardness, shows a microstructure similar to that at 18 ks. In a previous study 11) , XRD revealed that the age hardening of Mg-16.8 at%Sc alloy with a β single-phase is due to the formation of ne α precipitates. Therefore, XRD experiments were also carried out for the present aged sample. Figure 3 shows XRD patterns of the two-phase Mg-20.5 at%Sc alloy aged at 473 K for various aging times, where opened and lled squares indicate the α and β phases, respectively. The peak intensity ratio of 110 β /101 1 α in the sample aged at 0.6 ks is almost the same as that in the as-annealed sample. It is seen that the peak intensity ratio of 110 β /101 1 α decreases with increasing aging time. In the sample aged at 90 ks, showing saturated hardness, a small broad peak is observed at a slightly lower angle than the position of the 110 β peak. According to the Mg-Sc binary phase diagram reported by B.J. Beaudry et al. in 1969 12) , it can be predicted that the β phase of the Mg-20.5 at%Sc alloy at 873 K could decompose to the α phase and the ordered bcc (B2)-MgSc phase under equilibrium conditions below 753 K. In this case, it is suggested that the volume fraction of the α phase is much larger than that of the B2 phase and that the Sc composition of α phase equilibrated at 873 K is almost the same with that at 473 K. Therefore, it is considered that the decrease of the XRD peak intensity ratio of 110 β /101 1 α upon age-hardening is due to the precipitation of the α phase in the β phase. Meanwhile, from the Mg-Sc binary phase diagram, it is supposed that the residual β phase could eventually transform to B2-MgSc with a Sc composition of about 33 at% when it reaches equilibrium. Futhermore, the lattice constant of the cubic structure should become larger with increasing Sc content because the atomic radius of Sc is larger than that of magnesium. That is, the observed small broad peak at a slightly lower angle than the position of 110 β peak is suggested to be derived from the B2-MgSc phase. Figure 4 (a) shows a TEM image of the two-phase Mg-20.5 at% Sc aged at 473 K for 18 ks. In Fig. 4(a) , region on the right is α phase formed at 873 K and the region on the left is the β phase. The β phase region shows a Widmanstätten-like microstructure with ne needle-or plate-like shaped α precipitates which are formed by aging. Those precipitates are estimated to be less than 100 nm in width. It is obvious that ne α precipitates are formed only in β phase, not in α phase. Figure 4 (b) shows a selected area diffraction (SAD) pattern taken from the β phase region which is different from (a). In Fig. 4(b) , the dash-dot line indicates the β phase and solid and dashed lines indicate the α phase. The incident beam direction was [ . It is known that a precipitated α phase in metastable β-Ti alloy by aging also satis es Burgers relationship [14] [15] [16] . In addition, super-lattice diffraction spots x/6{002} β are observed in the SAD. Further study is needed to understand the origin of those super-lattice spots.
Tensile properties
In this study, the tensile properties were investigated in the as-annealed sample at 873 K, in the sample aged at 473 K for 14.4 and 18 ks after annealing at 873 K. Figure 5 shows stress-strain curves of (a) the as-annealed sample, (b) the sample aged for 14.4 ks and (c) the sample aged for 18 ks, where a specimen aged at 473 K for 2.82 ks after annealing at 963 K for 1.8 ks, which has β single-phase, was also prepared for tensile testing for comparison. The as-annealed sample with an α+β two-phase (hardness: 90.5 HV) shows an ultimate tensile strength (UTS) of 280 MPa and tensile elongation of 28.2%. The sample aged for 14.4 ks (hardness: 110.0 HV) shows a higher UTS of 357 MPa and a smaller tensile elongation of about 12% than the as-annealed sample. The sample aged for 18 ks (hardness: 142.3 HV) shows a lower tensile elongation of 6.9%, but exhibits a much higher UTS of 465 MPa than the sample aged for 14.4 ks. On the other hand, the aged sample with a β single-phase (hardness: 144.8 HV), which has almost the same hardness as the α+β two-phase aged for 18 ks, was fractured in the elastic deformation region (Fig. 5(d) ). Therefore, it is suggested that the high tensile strength and better tensile elongation of the aged alloy with an α+β two-phase is due to the formation of a Widmanstätten-like microstructure with ne needle-or plate-like shaped α precipitates in the β phase and the existence of an equilibrated α phase, respectively. These results indicate that it is possible to enhance the mechanical properties of the age-hardened Mg-Sc alloy by controlling the initial microstructure. Figure 6 shows the relationship between the UTS and ultimate tensile elongation in various precipitation-strengthened magnesium alloys with an ultimate tensile elongation of over 5%, where those magnesium alloys were categorized by their production processes into casting, extrusion, equal channel angular pressing (ECAP) and rolling 17, 18) . The present age-hardened Mg-Sc alloys show mechanical properties comparable to those of reported high strength magnesium al- loys. The UTS, elongation, speci c weight and grain size of the present Mg-Sc alloy, and the reported magnesium alloys indicated by the shaded marks in Fig. 6 , which are equal to or greater than those of the present Mg-Sc alloys, are listed in Table 1 19 -24) . In this study, speci c weight D alloy was calculated using the following equation:
where D i and n i indicate the speci c weight of element i and mass% of element i. The estimated speci c weight of the present Mg-20.5 at%Sc (Mg-32.3 mass%Sc) alloy is 2.01, where the density of Mg and Sc is 1.738 and 2.989 g/cm 3 , respectively. This value is almost equal to that of the other magnesium alloys listed in Table 1 . The grain size was estimated by a linear intercept method using optical microscope images of the sample surface after chemical etching 25) . Since the reported magnesium alloys listed in Table 1 include alloying elements to suppress grain growth and are fabricated by extrusion or ECAP possesses, they possess a small grain size of below 15 μm. Among them, the alloy which shows higher UTS than the Mg-Sc sample aged for 18 ks has a very small grain size of 1.1 μm 24) . The present Mg-Sc alloy has much larger grain size of 40.7 μm (α phase) and 33.1 μm (β phase) than the reported magnesium alloys. Thus, the tensile strength of the Mg-Sc alloy should be expected to be greatly enhanced by grain re nement through extrusion, ECAP processes and so on.
Conclusion
In this study, the effects of aging treatment at 473 K on the microstructure and the mechanical properties in Mg-20.5 at% Sc alloy with an α+β two-phase were investigated. The hardness drastically increased up to 142.8 HV by aging after an incubation time of about 10.8 ks. The incubation time was longer in the α+β two-phase alloy than in the β single-phase alloy. It was found from microstructure observation that the drastic age hardening in the Mg-Sc alloys is due to the precipitation of a ne α phase in the β phase, and ne α precipitates were found to form a Widmanstätten-like microstructure and show the Burgers orientation relationship with the β phase.
The ultimate tensile strength (UTS) of the aged α+β twophase alloy was enhanced with age hardening and reached 465 MPa while maintaining an ultimate tensile elongation of 6.9%. The aged-hardened Mg-Sc alloy with α+β two-phase showed mechanical properties comparable to those of the reported precipitation-strengthened magnesium alloys with a ne microstructure. Thus, the mechanical properties of the Mg-Sc alloy are expected to be further enhanced by grain renement through extrusion and ECAP processes. 
